Abstract-Wireless communication is very valuable in underground mines, in which channel characterization plays an important role. In this paper, both narrowband and wideband measurements at three typical ultra-high frequencies of 433, 900 and 2400 MHz in a real mine shaft are performed. To our knowledge, this is the first work focusing on radio propagation in the mine shaft environment. Important channel characteristics, such as the path loss, delay spread and the number of multipath components were extracted from the measured data and compared with that in tunnel channels. The effects of frequency and antenna position on the path loss were investigated. The relationship between the root-mean-square (RMS) delay spread and the transmitter-receiver distance was also analyzed. The results will deepen our understanding of the mine shaft channel and help to design shaft wireless systems.
characteristics in the underground mine tunnel and indoor corridor were compared. Both the path loss exponent and RMS delay spread were found smaller in the indoor corridor due to smoother surface and more regular cross-section. In [13] , both narrowband and wideband measurements were conducted at 2.4 GHz in an underground mine tunnel. Results show that the received power has a greater variability when the Tx is closer to the sidewall, and the delay spread has a relatively small value in a long distance. In [14, 15] , propagation measurements at 2.4 GHz, 5.8 GHz in underground mine tunnels were conducted, and the RMS delay spread was found to have almost no correlation with the distance, due to the arbitrary scattering paths caused by the very rough walls. In [16] , the measurement results at 24 GHz in metropolitan railway tunnel show a small path loss exponent of 1.3, which means a clear waveguide effect. In addition, the delay spread decreases as the distance increases, highlighting that higher modes extinguish faster than the lower ones. In [17] , a comparison of propagation at 980 MHz and 2.45 GHz in a subway tunnel was presented, indicating that the use of higher frequency can considerably reduce the multipath effect.
However, studies on radio propagation in the mine shaft environment have not been reported [18] . It partly leads to the lack of wireless service in mine cages, which is the base of voice calls, condition monitoring, and video surveillance. Thus, in this paper, the radio propagation in a real mine shaft is investigated at three widely used ultra-high frequencies of 433, 900, 2400 MHz. Important channel parameters such as path loss and delay spread are presented and compared with that in tunnels. The effect of antennas' positions on path loss was investigated. The relationship between delay spread and transmitter-receiver distance was also analyzed.
The paper is organized as follows: Section 2 describes the measurement setups; Section 3 presents and discusses the narrowband and wideband results extracted from the measured data; Section 4 concludes the paper.
MEASUREMENTS

Description of the Environment
In a mine shaft, the cage is dragged up and down by wire ropes to transport people, materials, and ores. There are some physical differences between mine shafts and underground mine tunnels or road/rail tunnels, which are presented in Table 1 . It seems that mine shafts get a better physical condition for radio waves, in consideration of the line-of-sight (LOS) path and smooth walls (which reduce the roughness loss). The measurements were conducted in a vertical mine shaft in Hunan Province, China. The shaft can be considered a cylinder with a depth of 670 m and diameter of 4.5 m. The inner surface is made of concrete with roughness of 1-4 cm. An iron cage with a rectangular bottom of 3.8 × 1.8 m is placed in the center of the shaft, as shown in Figure 1 , in which the marked dots (A/B/C) represent the antenna placement points. On the side of the cross-section, an iron balance weight is placed to balance the lifting moment by an opposite motion of the cage. 
Measurement Setup
Both narrowband and wideband measurements were conducted. Research has shown that antennas have an important influence on the channel characteristics in the confined space. A directional antenna was found to increase the coverage and decrease the delay spread obviously in such space [19, 20] . Thus, directional antennas were selected in both narrowband and wideband measurements. The main parameters of the antennas are given in Table 2 . In the measurements, one antenna was put on the outside top of the cage and the other placed at the mouth of the shaft by a stick which was 1.5 m above the ground. No obstacle exists between the antennas during the measurements. Narrowband measurement setup is illustrated in Figure 2 (a), in which the continuous wave technique was applied. A radio frequency signal source placed in the cage was used as the transmitter (Tx), and the handheld spectrum analyzer R&S FSH4 placed on the ground was used as the receiver (Rx). The transmitting frequency was set to 433, 900, 2400 MHz, respectively, with a transmitting power of 9 dBm. The antennas were linked to the Tx and Rx by 3-meter RF cables. The Rx was linked to the laptop by Ethernet, thus the laptop could control the Tx and acquire the measured data by an FSH4 View software. The laptop was also connected to the programmable logic controller (PLC) of the mine hoist, thus the depth data of the cage could be acquired by a WinCC software, then the Tx-Rx distance was calculated. During the measurement, the cage moved at a speed of 0.2 m/s. The receiving points were spaced 0.5 m, and four measuring data were obtained at each point, then averaged to reduce the effect of the random error. Measurements of different combinations of antenna positions were conducted, and the alternative placement points (A/B/C) are shown in Figure 1 .
The sweep frequency technique was applied in the wideband measurements. In this technique, a vector network analyzer (VNA) is used. The swept frequency signal transmits from one port of the VNA, then goes through the wireless channel and arrives at the other port of the VNA. Thus the frequency domain parameter S 21 was acquired. Considering that the measured data contain device effect, a calibration was implemented to remove the effect of the system [21] . Then the time domain channel impulse responses (CIRs) could be obtained through a complex inverse Fourier transform (IFT) technique. Wideband measurements were conducted only at 900, 2400 MHz, considering that the wireless systems at 433 MHz are mostly narrowband ones. The measurement setup is shown in Figure 2 (b). The R&S FSH4 could also be used in a VNA mode. The two ports of the VNA were linked to the antennas through a 40-m cable and a 3-m RF cable, respectively, which limited the measuring range to less than 40 m. The center frequencies were set to 900 and 2400 MHz, respectively, with a bandwidth of 200 MHz. The bandwidth was divided into 631 points, resulting in a time resolution of 5 ns and time range of 3 µs. The sweep time was set to 20 ms, thus the channel could be considered quasi-static. The antennas were both placed at point A. The receiving points were spaced 0.3 m. The measured data and depth data were both stored in the laptop, as that in the narrowband measurement. 
RESULT AND DISCUSSIONS
Narrowband Results
Effect of Frequency on Path Loss
Path loss was extracted from the narrowband measured data. Figure 3 illustrates the relationship between the path loss and Tx-Rx distance when the antennas were both placed at point A. Results show that in the beginning region, the path loss at a lower frequency is smaller, similar to that in free space. However, the attenuation rate at a lower frequency is much larger. As the distance increases, the attenuation at the lower frequency catches up and exceeds that of the higher frequency, different from that in free space. The common exponential path loss model is described as:
where n is the path loss exponent, d 0 the reference distance, and X σ a Gaussian random variable with a zero mean value and a standard deviation of σ. The path loss exponent n was determined by least square regression analysis when d 0 = 10 m. The results are presented in Table 3 . It shows that the path loss exponents at 433, 900, 2400 MHz are much larger than that close to and smaller than that in free space (where n is equal to 2), respectively. It indicates that a higher frequency gets better coverage in a mine shaft environment, different from that in free space and similar to that in the straight tunnels [16] . Moreover, the waveguide effect was exhibited at 2.4 GHz since n is smaller than 2. As a matter of fact, if the omnidirectional antennas were applied, the path loss exponent would be expected to be smaller [22] . In lift shafts, the waveguide effect was also found to be one of the main propagation modes [23] . The waveguide effect could be excited by the straight, smooth walls and the longitudinal conductors such as the pipes. Some measured path loss exponents in road/underground tunnels are listed in Table 4 . The path loss exponent at 465 MHz in an underground tunnel is much larger than that in this paper at 433 MHz. The main reason is that the extra loss caused by the train is serious. Another measurement at 400 MHz in an underground road tunnel got an attenuation rate of approximately 13 dB/100 m [9] , close to that in this paper. The path loss exponent at 900 MHz and 2400 MHz in this paper is similar to that in straight road tunnels and smaller than that in underground mine tunnels. It can be explained that in the underground mine tunnels with rough walls and irregular cross-sections, the rough loss and tilted loss are considerable [4] .
The path losses at all frequencies obviously attenuate fast in the near region and slowly in the far region, similar to that in tunnels [11, 15] . It is because in the near region, higher modes which have high attenuation rates exist, while in the far region, the lower modes dominate.
The piecewise linear models for the path loss were also established, as shown in Table 5 and Figure 3 , in which the breakpoints were determined adaptively according to the minimum-mean-error principle. The mean and standard values of the exponential model and linear model errors were calculated, as shown in Table 6 . It shows the linear model fits better, especially for the lower frequency. 
Effect of Antenna Position on Path Loss
The antenna positions have been proved to have a significant impact on path loss in rectangular tunnels [12, 19, 20] . The alternative antenna positions are shown in Figure 1(a) . Unfortunately, point B was unavailable for the cage antenna, limited by the field condition. The path loss was expressed as P L(XY ) in a case where the Tx, Rx antennas were placed at points X, Y , respectively. Table 7 . It can be seen that P L(AA) < P L(AB) < P L(AC) at all three frequencies. Moreover, the path loss curves in different combinations at the same frequency are very similar, while they are quite different in the same combination at different frequencies. It illustrates that the effect of frequency on path loss is much larger than that of antenna position.
In Figure 4 
P L(AA) < P L(CA) < P L(CC)
, indicating that either the Tx or Rx antenna is close to the wall, and the path loss increases, similar to that in indoor corridor [12] . In addition, fluctuations of P L(CA) and P L(CC) are more severe than P L(AA). It means that the off-center condition has a greater impact on the path loss than the alignment condition. Measurements at 433, 900 MHz have a similar situation. It is because when the antenna is close to the wall, a lot of energy will be transferred into higher order modes, which attenuates fast and fluctuates acutely because of the complex interactions [20] . Therefore, both Tx and Rx antennas are suggested to be placed close to the center of the cross-section.
Wideband Results
The wideband results are of great significance to select the optimal bit rate for a wireless system [26] . In a wideband system, attenuation, delay, and phase shift exist between the received and transmitted signals, characteristics of which can be described by the impulse response:
where N is the number of multiple paths, δ the delta function, a k the amplitude, τ k the arrival time and θ k the phase of the kth path, respectively. Then the important mean and RMS delay spread parameters, which describe the time dispersion, are calculated by:
The wideband measured data were transferred to the time domain impulse responses by the complex IFT technology. A Hanning window was implemented to reduce the spectrum leakage. The delay (3)- (4). The noise floor threshold was determined by the average value of the CIR amplitude data after removing the maximum and minimum 25% ones [27] .
The statistical values of the delay spread parameters are given in Table 8 .
The mean values of the RMS delay spread at 900, 2400 MHz were calculated to be 4.1, 3.8 ns, respectively. At 900 MHz, the RMS delay spread was found less than 25 ns in empty tunnels [28] , and the mean values were found 39 ns in an underground tunnel and 23 ns in indoor corridor environment [12] . At 2400 MHz, the mean values of the RMS delay spread in underground tunnels were found 27.4 [13] , 6.3 [14] , and 6.5 [15] ns. It can be seen that the measured data in this paper are smaller than that in most road or mine tunnels. The reason could be that directional antennas reduce the effects on the multipath significantly [19] . Figure 5 illustrates the RMS delay spread as a function of Tx-Rx distance. As the distance increases, the RMS delay spread increases in a short distance, then decreases to a small value in the far distance, at both 900 and 2400 MHz. The similar tendency was also observed in indoor [29] and tunnel [19] environments, but no obvious correlation was observed in underground mines [15] . In [17] , a test of propagation when the train passes from the stain into the tunnel shows that the RMS delay spread also decreases to a very small value (2.6 ns at 980 MHz and approximately 0 ns at 2450 MHz) as the train goes into the deep-tunnel. The tendency could be explained by the multimode model, in which the delay spread depends on the significant modes as well as the path lengths. In the short distance, the lower and higher mode paths are both significant, and the difference of path lengths increases as the distance increases, resulting in an increase of delay spread. In far distance, the higher mode paths gradually disappear because of high attenuation, causing a decrease of the delay spread [5] . It shows that the tendency could be applied in the smooth-walled environments such as indoors, tunnels, and shafts, instead of the underground tunnels with rough walls and more random scatterings. Moreover, a small peak of RMS delay spread was observed at about 24 m, and the reason may be the reflections caused by the complex steel frame nearby.
The number of multipath components as a function of Tx-Rx distance is shown in Figure 6 . The number is smaller than 8 at most locations for both 900 and 2400 MHz. However, the number in the far distance is obviously smaller than in the short distance, due to the disappearance of the higher modes, corresponding to the explanation of the RMS delay spread trend. A correlation analysis between the number and distance was applied to reveal the relationship between them. The Pearson correlation coefficients were calculated to be −0.77, −0.83 at 900 and 2400 MHz, respectively, meaning a strong negative correlation. Therefore, a small number of multipath components and a small delay spread are estimated beyond the measuring range. Figure 7 illustrates the cumulative probability distribution functions (CDFs) of the RMS delay spread. It can be seen that the RMS delay spread is overall smaller at a higher frequency. For 90% measuring points, the RMS delay spread is found less than 6.9, 5.7 ns at 900 and 2400 MHz, respectively. In order to find which distribution represents the RMS delay spread best, the fitting curves following the Normal, Lognormal, Rician, Rayleigh and Weibull distributions were obtained, respectively; then the Kolmogorov-Smirnov (K-S) tests [14] were applied, and the p parameters were obtained, as shown in Table 9 . Results demonstrate that lognormal distribution fits the experimental curves best. 
CONCLUSIONS
Narrowband and wideband measurements were conducted at typical ultra-high frequencies of 433, 900, 2400 MHz in an actual mine shaft. To our knowledge, this is the first work focusing on the propagation in the mine shaft environment. The important parameters such as the path loss, delay spread and the number of multipath components were presented and compared with that in tunnel environments. Results show that the path loss exponents are larger than, approximate to and smaller than that in free space at 433, 900, and 2400 MHz, respectively. A waveguide effect exhibits at the high frequency. The piecewise linear model presents the path loss better than the exponential model, especially for the lower frequency. The effect of antenna positions on the path loss was investigated, showing that the path loss increases as either the Tx or the Rx antenna is placed close to the wall. Moreover, the effect of antenna positions on path loss is much smaller than that of frequencies. The RMS delay spread is found less than 7 ns for most locations at both 900 and 2400 MHz, smaller than that in tunnel environments. In addition, it is smaller at the higher frequency. The relationship between the RMS delay spread and the distance was analyzed, showing that the RMS delay spread increases at the beginning then decreases to a small value as the distance increases. The distribution of the RMS delay spread was also investigated, indicating that the lognormal distribution fits well. It would deepen our understandings of mine shaft channels and provide the basic parameters for the designers. Some suggestions could be given, for example: the frequency is suggested to be 2.4 GHz due to the small path loss and delay spread; the center position is suggested for the antenna placements due to the small path loss and fluctuation. More measurements in different shafts will be carried out to find sound shaft channel models in the future, such as the effect of shaft cross-section size on path loss and delay spread.
